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MitochondriaMitochondrial tRNAs are generally synthesized as part of polycistronic transcripts. Release of tRNAs from
these precursors is thus not only required to produce functional adaptors for translation, but also responsible
for the maturation of other mitochondrial RNA species. Cleavage of mitochondrial tRNAs appears to be exclu-
sively accomplished by endonucleases. 5′-end maturation in the mitochondria of different Eukarya is
achieved by various kinds of RNase P, representing the full range of diversity found in this enzyme family.
While ribonucleoprotein enzymes with RNA components of bacterial-like appearance are found in a few
unrelated protists, algae, and fungi, highly degenerate RNAs of dramatic size variability are found in the mi-
tochondria of many fungi. The majority of mitochondrial RNase P enzymes, however, appear to be pure pro-
tein enzymes. Human mitochondrial RNase P, the ﬁrst to be identiﬁed and possibly the prototype of all
animal mitochondrial RNases P, is composed of three proteins. Homologs of its nuclease subunit MRPP3/
PRORP, are also found in plants, algae and several protists, where they are apparently responsible for
RNase P activity in mitochondria (and beyond) without the help of extra subunits. The diversity of RNase P
enzymes is contrasted by the uniformity of mitochondrial RNases Z, which are responsible for 3′-end proces-
sing. Only the long form of RNase Z, which is restricted to eukarya, is found in mitochondria, even when an
additional short form is present in the same organism. Mitochondrial tRNA processing thus appears dominat-
ed by new, eukaryal inventions rather than bacterial heritage. This article is part of a Special Issue entitled:
Mitochondrial Gene Expression.
© 2011 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
As the adaptors between genetic code and speciﬁc amino acids,
transfer RNAs (tRNAs) are essential players in protein synthesis.
Mitochondria thus require a set of tRNAs within their matrix com-
partment to translate the genes encoded by their genome. While in
some cases these tRNAs are entirely derived from the cytosol by ac-
tive transport through the two mitochondrial membranes [1], the mi-
tochondrial genomes of many organisms encode a majority or all of
the tRNAs required for mitochondrial protein synthesis.
Like those of any other genetic system, mitochondrial tRNAs are
not transcribed in their mature form, but as precursors that require
processing and modiﬁcation for maturation [2]. Primary tRNA gene
transcripts have extensions at both ends that have to be removed
by speciﬁc nucleases [3]. Unlike nuclear tRNA transcripts, yet resem-
bling their bacterial ancestors' tRNA gene expression, mitochondrial
tRNAs are usually synthesized as part of polycistronic transcripts.
Their 5′- and 3′-ﬂanking sequences are thus not short non-coding se-
quences, but rather themselves (precursors of) mRNAs, rRNAs, or
other tRNAs, and as a mitochondrial peculiarity often directly abut-
ting the tRNA sequence, a phenomenon known as ‘tRNA punctuation’.hondrial Gene Expression.
t.
-NC-ND license.Release of tRNAs from the polycistronic primary transcripts thus indi-
rectly provides processed mRNAs and rRNAs as a consequence of
tRNA recognition and cleavage. tRNA punctuation is widely used for
transcript processing in the mitochondria of opisthokonts (fungi
and animals) [4–6], and is best illustrated by the organization and
processing of the human mitochondrial genome, where tRNA proces-
sing accounts for almost all primary transcript processing events [7].
Plant mitochondria do not use tRNA punctuation as the basic mecha-
nism for transcript processing. Nevertheless, their tRNA genes are
clustered and/or part of polycistronic primary transcripts [8]. More-
over, plant mitochondrial mRNA transcripts frequently contain
tRNA-like structures called ‘t-elements’, which are coincident with
the ends of the mature mRNA, suggesting that they too serve as rec-
ognition signals for mitochondrial tRNA processing enzymes [9].
The tRNA processing enzymes of mitochondria thus play a central
role not only in the maturation of mitochondrial tRNAs, but for mito-
chondrial RNA maturation in general. In this review I will summarize
what is currently known about the two responsible mitochondrial en-
donucleases RNase P and RNase Z, compare them to the respective
enzymes active in the nucleus or in bacteria, and compare different
eukaryal model systems to outline the differences or parallels.
Still, mitochondrial tRNA maturation is not complete after 5′- and
3′-end cleavage. Like nuclear tRNA genes, mitochondrial tRNA genes
do generally not encode the CCA sequence universally found at the
3′ end of mature tRNAs. The CCA trinucleotide is added after 3′-end
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transferase [10]. In yeast, and apparently also in humans, this enzyme
is shared between compartments, i.e., derived from the same gene as
that acting on nucleus-encoded tRNAs [11–14]. Mitochondrial tRNA
genes lack introns and thus do not require splicing.
tRNAs are also the most extensively modiﬁed cellular RNA species,
and so are mitochondrial tRNAs [15,16]. Nucleotides are modiﬁed
posttranscriptionally by a variety of different modiﬁcation enzymes
some of which are shared and used in the modiﬁcation of mitochon-
drial as well as cytosolic tRNAs, while others are speciﬁc for mito-
chondria, just as some modiﬁcations are only found in
mitochondrial tRNAs [16–19]. However, due to the comparably low
cellular abundance of mitochondrial tRNAs the study of their modiﬁ-
cations and modiﬁcation pathways lags far behind that of cytoplasmic
or bacterial tRNAs.
Mitochondrial tRNAs of most Eukarya conform to the canonical
type of tRNA structure found in Bacteria, Archaea, or the eukaryal cy-
tosol. Metazoan mitochondrial tRNAs, however, generally deviate
more or less from this structural consensus, are in general smaller,
have highly reduced, or even lack, D or TΨC domains, and do not
form many of the typical tertiary interactions stabilizing the tRNA L-
shape; they are therefore in some cases referred to as bizarre
[20–22]. These structural peculiarities appear to be reﬂected in the
evolution of some of the enzymes interacting with animal mitochon-
drial tRNAs, including the enzyme involved in 5′ end processing.
2. tRNA 5′-end processing — RNase P
In all genetic systems analyzed so far 5′ extensions of tRNA pre-
cursors are removed by an endonuclease. This enzyme is called
RNase P (EC 3.1.26.5); it is a metallonuclease that utilizes Mg2+ for
phosphodiester hydrolysis [for review see refs. 3,23–26]. RNase P
was ﬁrst identiﬁed in Escherichia coli [27], and its subsequent charac-
terization showed that it is composed of a small protein and an RNA
[28]. The RNA was shown to be the actual catalytic part of the en-
zyme, capable of catalysis even in the absence of the protein subunit
under speciﬁc in vitro conditions [29]. Historically, the trans-acting
RNase P RNA was the ﬁrst true RNA enzyme (ribozyme) identiﬁed.
RNA-based RNase P enzymes were subsequently identiﬁed in var-
ious forms of life (see Section 2.1) and the apparent omnipresence of
the RNase P ribozyme not only led to the concept that this RNA en-
zyme is a universal relic of a hypothetical ‘RNA world’, but to the
(still) prevailing view that tRNA 5′-end processing is inevitably linked
to the action of a catalytic RNA. However, another form of RNase P,
built of protein only, has recently been disclosed. First identiﬁed in
human mitochondria [30], it was subsequently also demonstrated in
plant mitochondria and chloroplasts [31] (see Sections 2.3 and 2.4).
This enzyme appears typically composed of a single ~60 kDa polypep-
tide, but functionally equivalent to the RNA-based enzymes. In fact,
the Arabidopsis mitochondrial/chloroplast enzyme is able to substi-
tute for E. coli RNase P in vivo [31]. Its presence in the genomes of sev-
eral eukaryal groups suggests that this proteinaceous RNase P is as
frequent as the RNA-based enzyme in Eukarya and not restricted to
mitochondria and chloroplasts (see Section 2.1).
2.1. The RNase P family in the three domains of life — a survey
All bacterial RNase P enzymes identiﬁed so far are composed of an
RNA and a small protein subunit [3,32,33]. The RNAs of different bac-
teria fall into two structural classes, types A and B, and a small group
that seems structurally intermediate [3,25,32,33]. An exceptionally
small, structurally most reduced, quasi-minimal bacterial RNase P
RNA is found inMycoplasma fermentas [34], which lacks, e.g., the oth-
erwise universally conserved helix P12 (Fig. 1). Despite this structural
variation of the catalytic RNA moiety the protein subunits from even
distant bacteria are structurally conserved and functionallyexchangeable [35]. The protein is essential for RNase P function in
vivo and plays an important role in substrate recognition, the stabili-
zation of the RNA's tertiary structure, and increases the binding afﬁn-
ity for metal ions crucial for substrate positioning and catalysis [3,32].
Whereas structurally related RNase P RNAs are found in almost all Ar-
chaea and many Eukarya, the bacterial protein has no homologs in
these two phylogenetic domains [36]. Neither a gene for RNase P
RNA nor for an RNase P protein were identiﬁed in the genome of
the hyperthermophilic bacterium Aquifex aeolicus, although an
RNase P activity was detected in cell extracts [37–39].
Archaeal RNase P is composed of a structurally related RNA and at
least four proteins [40,41]. The catalytic competence of the RNA is not
only suggested by the evolutionary relationship with bacterial RNase
P RNA (Fig. 1), but was also veriﬁed experimentally, although more
extreme ionic conditions were required to observe RNA alone activity
[42]. The hyperthermophilic crenarchaeon Pyrobaculum aerophilum
has another highly reduced, minimal form of RNase P RNA, and possi-
bly also a reduced set of associated proteins [43]; still the RNA has
retained catalytic activity. The archaeon Nanoarchaeum equitans
might be the sole form of life having no RNase P at all [44]. The
tRNAs of this parasitic archaeon are synthesized without 5′ exten-
sions, resulting in mature tRNAs with a 5′ triphosphate.
Eukaryal nuclear RNase P is best characterized in the yeast Saccha-
romyces cerevisiae and in the human system [41,45,46]. It is composed
of an RNA structurally related to that of Bacteria and Archaea (Fig. 1).
Again, this RNA was shown to have some residual catalytic compe-
tence on its own [47]. The protein complement is further increased
in number and mass relative to Archaea, and 9 protein subunits are
found in yeast and 10 in humans, including a 100-kDa polypeptide
(POP1) as the largest protein component. The majority of these pro-
teins is also associated with the nuclear ribonucleoprotein RNase
MRP [45,46]. Its RNA component is structurally related to that of
RNase P, but has distinctive features too. RNase MRP does not act on
the 5′ ends of tRNA precursors, but plays a role in rRNA processing
and, by cleavage of cyclin B2 mRNA, in yeast cell cycle regulation
[45,46].
Yeast and human nuclear RNase P are proposed to have many sub-
strates in addition to tRNA precursors [45,48]. Moreover, human nu-
clear RNase P appears to play a role in nuclear transcription by RNA
polymerases III and I [49]. This increased versatility is considered to
have been a major evolutionary driving force for the increase in (pro-
tein) complexity of the eukaryal compared to the prokaryotic en-
zymes during evolution.
RNase P RNA sequences could not be identiﬁed in the genomes of
major phylogenetic branches of Eukarya, such as land plants, green
and red algae, and heterokonts (Stramenopiles) [50,51]. The same
holds for homologs of proteins otherwise speciﬁcally associated
with nuclear RNase P, although an RNase MRP RNA and its associated
proteins were identiﬁed in the aforementioned groups [50,52]. Yet,
neither RNase P nor RNase MRP RNA sequences, nor any of the typi-
cally associated proteins are found in the genomes of kinetoplastids
(encompassing the parasitic Trypanosoma and Leishmania species)
[50,52]. Interestingly, all these eukaryal groups encode one or more
copies of the proteinaceous RNase P protein originally identiﬁed as
the catalytic subunit of human mitochondrial RNase P [30]. Nuclear
RNase P might thus be a pure protein enzyme in many Eukarya. Con-
sistently, two of the three proteinaceous RNase P isoforms found in
Arabidopsis thaliana indeed localize to the nucleus [31].
Apart from the nucleus and mitochondria, RNase P activity is also
found in chloroplasts/plastids (in Eukarya). Consistent with the cya-
nobacterial origin, the plastid genomes of glaucophytes, red algae,
and some prasinophytes (an early branching group of green algae)
encode a bacterial type A RNase P RNA [53,54]. Other green algae
and land plants have lost this gene from their plastid genomes. How-
ever, their nuclear genomes encode one or more proteinaceous RNase



























Fig. 1. Schematic structures of RNase P RNAs. (A) Universal consensus secondary structure of bacterial, archaeal, and eukaryal nuclear RNase P RNAs [25]. Gray indicates variable
structures connecting conserved regions. Helices P1–P12 [144] and conserved sequence regions CR I–V [145] are indicated. Structural elements absent only in single, minor phy-
logenetic groups are included: P12, absent in M. genitalium [34]; P11, P12, CR II, and CR III, absent in P. aerophilum [43]. (B) Secondary structure of S. cerevisiae mtRNase P RNA
(Rpm1r) [65].
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drial enzyme [31] (see Section 2.4). In fact, biochemical characteriza-
tion of spinach chloroplast RNase P almost 25 years ago suggested
that this enzyme does not contain RNA [55]. The protein, however,
was identiﬁed only recently by homology to human mitochondrial
RNase P (mtRNase P) [30]. Thus, chloroplasts of land plants and
most green algae have apparently replaced their bacterial heritage
with a protein enzyme, whereas more early branching photosynthetic
Eukarya have at least partially kept the ancestral state in their plastids
(the protein component(s) of these putative ribonucleoprotein RNase
P enzymes have not been identiﬁed yet). It further appears that ge-
nomes of plastids originating from secondary endosymbiosis (e.g., in
heterokonts, haptophytes, cryptomonads, apicomplexans, or eugle-
nids) have generally lost their RNase P RNA gene, regardless if the
plastids derived from red or green algae.2.2. Mitochondrial RNase P in fungi
2.2.1. Yeast mitochondrial RNase P
Of all fungal mtRNases P that of the budding yeast S. cerevisiae is
by far the best characterized [54]. Early genetic studies had revealed
that the synthesis of yeast mitochondrial tRNAs depends on a locus
mapping between the tRNAfMet and tRNAPro genes of the mitochon-
drial genome, which does not encode a protein [56,57]. Molecular
studies of the expression of this region identiﬁed an A/U rich tran-
script of ~500 nucleotides in length [58], a mapping that was later re-
ﬁned to ~420 nucleotides [59]. This RNA cofractionated withmtRNase
P activity upon puriﬁcation [60], and 3′-matured tRNA with 5′ exten-
sion accumulated in deletion mutants of this mitochondrial locus
[61]. Moreover, the activity was demonstrated to be sensitive to nu-
clease and protease treatment, indicating that it is a ribonucleopro-
tein that requires nucleus-encoded protein(s) for function, the latter
inferred from the fact that yeast mitochondrial DNA (mtDNA) dele-
tion mutants devoid of mitochondrial protein synthesis, but retaining
the RNase P RNA locus, still have RNase P activity [60]. Surprisingly,
the integrity of the full-length RNA is not required and two fragments
from the 5′ and 3′ end (~70 nucleotides each), were shown to besufﬁcient to support the activity in vitro [62]; thus a major part of
the RNA appears to be dispensable (Fig. 1).
RNase P RNA genes (RPM1, or rnpB in analogy to the bacterial
gene) were also found in the mitochondrial genomes of many other
budding yeasts (Saccharomycetales) [63–65]. All these RNAs are ex-
tremely A/U rich and vary considerably in size, down to the minimal
rnpB of Saccharomycopsis ﬁbuligera of only ~150 nucleotides. They all
deviate considerably from the general, bacterial–archaeal–eukaryal
nuclear, consensus structure or the bacterial minimal consensus
structure (Fig. 1). Secondary structure predictions of these RNAs are
further complicated by the low degree of primary sequence conserva-
tion even among rather closely related yeasts. Only the conserved re-
gions CR I and CR V, forming helix P4, and helix P1 appear generally
retained [65]. Also CR IV is found frequently, and S. cerevisiae and its
close relatives harbor a stem-loop structure that may mimic helix
P18 of bacterial RNase P RNAs [65]. Not surprisingly, none of these
crippled RNase P RNAs gave rise to RNase P activity without protein
in vitro, and it is assumed that the protein moiety of the enzyme has
a more substantial, compensatory functional role in the holoenzyme.
The mtRNase P of S. cerevisiae is the only organellar RNA-based
RNase P of which a protein component has been identiﬁed. Extensive
puriﬁcation of the enzyme revealed a 105-kDa protein encoded by a
nuclear gene termed RPM2 [66]. Antibodies against Rpm2p immuno-
precipitate mtRNase P activity as well as its RNA component (Rpm1r)
[67], and a gene disruption producing a C-terminally truncated pro-
tein leads to the accumulation of mitochondrial tRNA precursors
with 5′ extensions [66,68], though this effect is at least in part attrib-
utable to a role of this domain in Rpm1r maturation [69] (see also
below). In vitro reconstitution of yeast mtRNase P from puriﬁed com-
ponents has not been achieved so far. Thus, the contribution of
Rpm2p to mtRNase P activity remains vague and it cannot be exclud-
ed that other proteins are required. Rpm2p has no homology to any
other known RNase P protein and its gene is not found beyond closely
related budding yeasts, not even in other ascomycete fungi [24,54].
Rpm2p has further functions not directly related to mtRNase P ac-
tivity and even entirely unrelated ones. Complete deletion of RPM2 is
lethal, even under conditions allowing fermentative growth (yeast
requires mitochondrial protein synthesis for respiration, but not for
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ditions deletion of the C-terminal domain of Rpm2p leads to deletions
of the mitochondrial genome (mitochondrial protein synthesis is re-
quired to maintain an intact mitochondrial genome in yeast [70])
and to the accumulation of 5′-unprocessed mitochondrial tRNAs
even in case an intact RPM1 is retained [66,68]. However, if cell
growth depends on respiration because a fermentable carbon source
is lacking, the same partial rpm2ΔC deletion allele supports sufﬁcient
mtRNase P activity and the strains retain an intact mitochondrial ge-
nome [69]. Under both conditions, Rpm1r is not properly processed
to its mature form, and large precursors of mtRNase P RNA accumu-
late [59,69]. Thus the C-terminal domain of Rpm2p seems to be strict-
ly required for Rpm1r maturation, but not for pre-tRNA 5′-end
processing. Rpm1r processing is restored if the C-terminal domain is
provided in trans [69]. Yet, it is not known how Rpm2p contributes
to Rpm1r precursor processing. Apparently, the Rpm1r precursor spe-
cies support mtRNase P activity only insufﬁciently, leading to the mild
accumulation of tRNA precursors under respiratory conditions. The C-
terminal truncation possibly also impairs Rpm2p's functionality as an
RNase P subunit and differences in rpm2ΔC expression might account
for the more severe phenotype under fermentative conditions. More-
over, a fraction of Rpm2p localizes to the nucleus where it appears to
upregulate the transcription of genes of the mitochondrial protein
import machinery [71]. It is this role that, tied in with the protein's in-
direct effect on mtDNA maintenance, is believed to be essential for
yeast viability [for discussion, see ref. 71]. Finally, Rpm2p seems to in-
teract with cytoplasmic P bodies suggesting a function in mRNA me-
tabolism [72].
Curiously, yeast mtRNase P function is impaired by disruption of
the type II fatty acid synthesis (FAS II) pathway [73]. Deletion of any
of the mitochondrial FAS II genes resulted in the accumulation of 5′-
extended mitochondrial tRNA precursors and an Rpm1r precursor.
MtRNase P itself, however, appears not modiﬁed by lipoic acid [73].
Recently, it was suggested that mtRNase P is part of a “supercomplex”
together with RNase Z, the RNA degradosome, components of the mi-
tochondrial translation machinery, the enzymes of the tricarboxylic
acid cycle (TCA) cycle, and components of the FAS II pathway [74].
This “supercomplex” is apparently absent upon deletion of a single
component of the FAS II pathway. The ﬁnding suggests physical asso-
ciation as the possible functional link between FAS II and mitochon-
drial tRNA processing. Still, it remains unclear how such apparent
“supercomplex” association affects mtRNase P function. In the end,
the biological rationale behind the apparent intersection of mito-
chondrial tRNA processing with fatty acid synthesis or the TCA cycle
is currently mostly enigmatic.
2.2.2. Mitochondrial RNase P in other fungi
The occurrence of RNase P RNA genes in fungi appears highly var-
iable. In ascomycetes, rnpB has a rather patchy distribution, being
present in representatives of the different groups, but absent in
other closely related members of the same groups [65]. An rnpB
gene has not been identiﬁed in any of the basidiomycete and chytri-
diomycete mitochondrial genomes [65], but all zygomycete mito-
chondrial genomes sequenced so far contain an rnpB gene [75]. As
in budding yeasts, length and structure variation appear to be general
characteristics of fungal mtRNase P RNAs. Length variation is most ex-
treme in the zygomycete lineage, ranging from 188 to 980 nucleo-
tides and thereby including the longest RNase P RNA identiﬁed so
far. The short mtRNase P RNA of Smittium culisetae appears structur-
ally as reduced as the minimal yeast mtRNase P, essentially conﬁned
to the structural elements P1 and P4 [65,75]. Most of the longer zygo-
mycete mtRNase P RNAs, however, have remained structurally close
to the universal consensus [75]. Also some ascomycete mtRNase P
RNAs, like that of Aspergillus nidulans, have a secondary structure sim-
ilar to the universal consensus [65] (Fig. 1). A. nidulans is also the only
other fungus beyond S. cerevisiae for which mtRNase P has also beenstudied biochemically [76]. Seven polypeptides, ranging from 16 to
55 kDa, were found in highly puriﬁed fractions, but no further charac-
terization or identiﬁcation of those has been reported. The knowledge
about fungal mtRNase P proteins thus remains scarce and the identity
and composition of mtRNase P in several clades, including model sys-
tems like Neurospora crassa, unknown.
2.3. Mitochondrial RNase P in animals
2.3.1. Human mitochondrial RNase P
A mtRNase P and its critical role for global mitochondrial tran-
script maturation were proposed when human mtDNA was ﬁrst se-
quenced and the various encoded RNAs characterized [7,77,78]. Yet,
despite early efforts to identify mitochondrial tRNA processing en-
zymes in human cells [79], it took almost 15 years until the proces-
sing of mitochondrial tRNA precursors by mitochondrial enzyme
activities was ﬁrst demonstrated [80]. The mtRNase P activity turned
out to have properties that distinguished it from any other RNase P
known at that time [80], including the apparent lack of an RNA com-
ponent [81]. By combining classical enzyme puriﬁcation with mass-
spectrometry-based proteome analysis we more recently achieved
to identify the components of human mtRNase P and to reconstitute
its activity from three recombinantly produced proteins only, without
an RNA component [30].
In 2008, an RNase P devoid of RNA was without precedent and vi-
olated the general paradigm of RNase P's ribozymal nature. Yet, de-
spite the fundamentally different makeup of this new variant of
RNase P, its basic enzymatic properties are similar to the RNA-based
enzymes. Both recognize parts of the tRNA structure within the pre-
cursor, require Mg2+ for phosphodiester hydrolysis, and generate
5′-phosphate and 3′-hydroxyl products. The catalytic role of the
RNA seems to be taken over by one of the three proteins, originally
termed mitochondrial RNase P protein 3 (MRPP3), as it was the
third component identiﬁed [30]. Homologs of MRPP3 were found in
the genomes of various eukaryal lineages [30], and have meanwhile
been shown to also localize to the other tRNA-coding cellular com-
partments, nucleus and chloroplasts, in the different eukaryal
branches [ref. 31 and unpublished results]. In many cases, these
MRPP3 homologs seem to be active on their own, not requiring any
other proteins for RNase P activity [ref. 31 and unpublished results].
Animal mtRNase P in this regard seems to be the exception rather
than the rule, and, though ﬁrst identiﬁed, not the prototype of this
form of protein-only RNase P. We have thus coined the more general-
ly applicable name proteinaceous RNase P (PRORP) for this gene fam-
ily, numbered only in cases of multiple isoforms in a genome [31].
So far,MRPP3/PRORP homologs have been found in the genomes of
animals, plants, green and red algae, heterokonts, haptophytes, and
euglenids. The gene seems to be generally absent from the fungal
lineage and possibly some protist groups. It has not been found in
Archaea or Bacteria. The PRORP gene family is most conserved in its
C-terminal part. This domain displays all the characteristics of a
metallonuclease and places PRORP in a superfamily of predicted ribo-
nucleases deﬁned by the so-called NYN (N4BP1, YacP-like nuclease)
domain [82] (Fig. 2). NYN domain proteins are found in all three
main branches of life. The domain appears to be characterized by a
common fold with conserved acidic residues presumably coordinat-
ing at least one catalytic metal ion in the active site. The NYN family
seems related to the PIN and FLAP nuclease families, yet PRORP is
the ﬁrst NYN protein with a demonstrated ribonuclease function.
Eukaryal NYN domains are found linked to various RNA binding do-
mains/motifs and/or to the UBA ubiquitin-binding domain. In
PRORP, the putative catalytic NYN domain is linked to an upstream
zinc-ﬁnger-like (GX)CXXC signature and two pentatricopeptide
repeats (PPR; Fig. 2). PPRs aremotifs of 35 amino acids generally occur-
ring in multiple consecutive copies and suggested to mediate RNA-
binding activity [83]. PPR proteins are numerous in plants, but rare in
CXXC
niamod NYNRPPRPPMTS
Fig. 2. Structure of proteinaceous RNase P (PRORP). MTS, mitochondrial targeting sequence (facultative); PPR, pentatricopeptide repeat; CXXC, zinc-ﬁnger-like motif; NYN domain,
N4BP1-YacP-like metallonuclease domain [82]. Sequence logos were generated using WebLogo [146] and are based on a ClustalW alignment of PRORP sequences from the follow-
ing species (number of PRORPs if more than one indicated in parentheses): man, macaque, dog, cow, mouse, platypus, chicken, Xenopus tropicalis, zebraﬁsh, Tribolium castaneum,
fruit ﬂy, Aedes aegypti, Anopheles gambiae, Culex pipiens, Nasonia vitripennis, A. thaliana (3), Oryza sativa (3), Physcomitrella patens (3), T. brucei (2), Leishmania major (2).
1021W. Rossmanith / Biochimica et Biophysica Acta 1819 (2012) 1017–1026animals. However, with only two PPRs in-tandem, PRORPs are not con-
sidered typical PPR proteins. The N-terminal part of PRORP is not well
conserved and no motif apart from a facultative mitochondrial matrix-
targeting signal has been recognized therein so far (Fig. 2).
In contrast to, e.g., A. thaliana PRORP1 [31], human MRPP3/PRORP
requires two additional proteins for mtRNase P function: MRPP1 and
MRPP2 [30]. MRPP1 is one of three vertebrate homologs of yeast
TRM10 and has therefore also been named RNA (guanine-9-)methyl-
transferase domain containing 1 (RG9MTD1). Trm10p is responsible
for the methylation of the N1 of guanosine at position 9 of a subset
of yeast cytoplasmic tRNAs [84]. Mitochondrial homologs of TRM10
are apparently only found in animals and other eukarya seem to
have no more than one gene. More recent work showed that MRPP1
is indeed involved in the methylation of mitochondrial tRNAs (manu-
script in preparation). However, methylation and cleavage are neither
coupled nor interdependent. This raises the question about the role of
MRPP1 for tRNA processing by humanmtRNase P. It seems reasonable
to postulate that MRPP1 is involved in substrate recognition, but how
this is achieved and why MRPP1 is required for mtRNase P function is
enigmatic at present. Still, a consequence of this type of methyltrans-
ferase's involvement in mtRNase P may be an unusual way by which
theMRPP3/PRORP nuclease subunit faces its substrate. The base of po-
sition 9 is buried in the core of an L-shaped tRNA structure and thereby
rather inaccessible for an enzyme. Methylation would thus have to in-
volve the transient unfolding of this part of the tRNA as well as inter-
action with parts of the tRNA structure not necessarily required to be
normally “seen” by an RNase P enzyme [for a more thorough discus-
sion see ref. [85]]. Thus, MRPP3 may at least partly recognize such
transiently unfolded structural elements, which might explain the
unique substrate speciﬁcity of human mtRNase P, differing from that
of E. coli or human nuclear RNase P on numerous accounts
[80,86–89]. Possibly, the requirement of the two extra components
MRPP1 and MRPP2 may thereby represent an adaptation to the non-
canonical structures of animal mitochondrial tRNAs.
The moonlighting of the third component, MRPP2, in humanmito-
chondrial tRNA 5′-end processing is even more obscure. MRPP2,
hydroxysteroid (17-β) dehydrogenase 10 (HSD17B10) according to
current nomenclature, belongs to the short-chain dehydrogenase/reductase (SDR) family [90]. The protein has long been known as a
dehydrogenase acting on a wide spectrum of substrates in vitro
[91], but its best-documented role as a dehydrogenase in vivo is in
branched-chain amino and fatty acid degradation [92]. While there
is currently no clue as to the mechanism by which it contributes to
mtRNase P, this moonlighting activity could be a key towards under-
standing the pathogenetic mechanism of 2-methyl-3-hydroxybu-
tyryl-CoA dehydrogenase (MHBD) deﬁciency, a disease caused by
mutations in HSD17B10 [92,93].
Human mtRNase P cleaves a wide range of mitochondrial tRNA
precursors in vitro [30,80,86,89]. Its activity is readily detectable in
even crude mitochondrial extracts and thereby appears to be relative-
ly abundant [80]. Overexpression ofMRPP1 boosts mtRNase P activity
in mitochondrial extracts and mitochondrial tRNA precursors accu-
mulate if the expression of any of its three components is knocked
down by RNA interference [30]. These ﬁndings have ﬁrmly estab-
lished the essential role of mtRNase P and its three subunits in the
5′-end maturation of mitochondrial tRNAs.
When we ﬁrst identiﬁed mtRNase P activity we had also noticed
the presence of small amounts of the RNA component of nuclear
RNase P (H1 RNA) in mitochondrial preparations [80]. However, we
were unable to detect any nuclear RNase P activity in mitochondrial
extracts and H1 RNAwas largely removed by applying more thorough
mitochondrial puriﬁcation regimens [80]. Moreover, we demonstrat-
ed that the remaining H1 RNAwas neither required for nor associated
with mtRNase P activity [80]. Using a bacterial tRNA precursor as a
substrate (notably, a substrate not cleaved by mtRNase P [80]) others
had before partially puriﬁed an RNase P activity from mitochondrial
preparations [79] that later turned out to contain H1 RNA and to be
apparently identical to the nuclear enzyme [94]. While the dispute
about the possible identity of nuclear and mitochondrial RNase P in
human cells was eventually settled after the distinct nature of
human mtRNase P had been unraveled [30,88], the idea of nuclear
RNase P being imported into mitochondria was recently revived.
Polynucleotide phosphorylase (PNPase) was proposed to mediate
the import of H1 and other RNAs into mitochondria, where H1 RNA
was hypothesized to function in the processing of speciﬁc mitochon-
drial tRNA precursors as a quasi-additional mtRNase P [95].
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cerns that question the proposed scenario:
(1) The number of H1 RNAmolecules associated with mitochondria
is extremely low, more than one order of magnitude lower than
that ofmtDNA [88,94]. It appears unlikely that such lowamounts
are sufﬁcient to play an essential role inmitochondrial tRNA pro-
cessing. Comparable or even higher amounts of other non-
coding RNAs were found to be associated with mitochondria as
well [88,94,96,97]. Might all these RNAs be imported into mito-
chondria by the PNPase-dependent import pathway? What
should be the functional relevance of, e.g., spliceosomal snRNAs
for mitochondrial biology?
(2) The putative mitochondrial H1 RNA pool is apparently associ-
ated with the same proteins as the nuclear one; its sedimenta-
tion behavior mimics that of nuclear RNase P [94] and the RNA
can be quantitatively immunoprecipitated by antibodies
against nuclear RNase P [80]. However, none of the proteins as-
sociated with nuclear RNase P has a recognized mitochondrial
targeting sequence or been found in mitochondrial proteomes
[see ref. 30 and refs. therein].
(3) PNPase was reported to interact with helix P9 of H1 RNA and to
mediate the mitochondrial import of in vitro transcribed RNAs
containing this short stem-loop structure [95]. However, in the
nuclear RNase P ribonucleoprotein, P9 is covered by protein
according to a recent footprinting analysis [98]. This raises
the question how PNPase is able to access helix P9 in the con-
text of the ribonucleoprotein.
(4) A structurally distinct stem-loop of RNase MRP RNA (an exten-
sion of helix P12) was reported to mediate PNPase-dependent
import as well [95]. Does this imply that any short stem-loop
may be capable of mediating PNPase-dependent RNA import?
How is selectivity maintained in such an import system of
seemingly low speciﬁcity?
(5) The localization of PNPase per se is controversial. Interaction
with the mitochondrial matrix-helicase SUV3 in human cells
[99,100] and the established role of PNPase in the mitochon-
drial RNA metabolism of plants [101] challenge the supposed
localization in the mitochondrial intermembrane space and
suggest a matrix localization instead.
(6) Is the observed increase of some mitochondrial tRNA precur-
sors in PNPase knockout cells cause or effect of the observed
disturbance of mitochondrial structure and function? Is it at
all due to a deﬁciency of tRNA processing activity, or does it
originate from (or reﬂect) a lack of RNA degradation activity?
In vitro 5′-end processing of mitochondrial tRNALys in mito-
chondrial extracts from PNPase knockout cells was unaltered,
although the tRNALys precursor appeared to be enriched in mu-
tant cells [95]. Only for the tRNAHis-ﬂanked tRNASer(AGY) a di-
rect processing deﬁciency was observed in PNPase knockout
cells [95]. However, tRNASer(AGY) was previously shown to be
released by tRNA punctuation via the 5′-abutting tRNAHis,
thus circumventing 5′-end maturation by mtRNase P [86].
Owing to the conserved gene arrangement, the 5′ end of tRNA-
Ser(AGY) is generated by RNase Z acting on the 3′ terminus of
tRNAHis. Mitochondrial extracts are unable to support 5′-end
processing of a tRNASer(AGY) that is not ﬂanked by an intact
tRNAHis [86]. If the maturation of tRNASer(AGY) was indepen-
dent of tRNAHis 3′-end processing, but instead depended on
an RNase P able to process the 5′ end of tRNASer(AGY) directly,
one would not expect the butt-jointed arrangement of the
two tRNA genes to be conserved, but rather as variable as the
boundaries of other vicinal mitochondrial tRNA genes, such
as tRNASer(AGY)–tRNALeu(CUN) or tRNATyr–tRNACys, which are
either found butt-jointed, separated by a spacer, or even over-
lapping in different mammalian mitochondrial genomes [86].It seems possible that the apparent impairment of tRNASer(AGY)
5′ end processing in PNPase knockout cells is actually due to a
reduction in RNase Z activity. Mitochondrial RNase Z seems to
be regulated according to the functional status of mitochondria
and its activity is virtually absent in cells lacking mitochondrial
DNA due to the downregulation of its gene [81,102].
In conclusion, the concept of nuclear RNase P imported into mito-
chondria as a second mtRNase P activity, though not entirely exclud-
ed, appears quite speculative at present.
2.3.2. Mitochondrial RNase P in other animals
MtRNase P has not been studied in other animals. However, ani-
mal mitochondrial genomes are in general similar in organization
and gene content, and all of them lack a mtDNA-encoded RNase P
RNA [103,104]. Given that homologs of all three components of
human mtRNase P are generally found in metazoan genomes, it is
likely that a proteinaceous RNase P similar to that of human mito-
chondria is also active in the mitochondria of other animals. In
some lineages, such as nematodes, homologs of MRPP3/PRORP and
MRPP1 appear considerably more divergent [30], possibly the result
of an accelerated adaptive evolution due to the bizarre mitochondrial
tRNA structures found in these organisms [105].
2.4. Mitochondrial RNase P in plants and algae
A mtRNase P RNA gene has not been found in any mitochondrial
genome from plants, green or red algae, with the exception of the
two early branching prasinophyte algae Nephroselmis olivacea and
Ostreococcus tauri [106,107]. Despite a secondary structure resem-
bling that of α-proteobacterial RNase P RNAs, these algal RNAs are
not catalytically active in vitro [54,108]. Even supplementation with
E. coli RNase P protein did not activate the RNAs and the authentic
protein component(s) of these putative mtRNase P enzymes have
not been identiﬁed yet.
Early biochemical studies of mtRNase P in higher plants led to con-
ﬂicting results with respect to the potential involvement of an RNA,
but failed to identify any kind of enzyme component [109–111]. We re-
cently showed that one of three A. thaliana homologs of humanMRPP3/
PRORP, PRORP1, localizes to mitochondria as well as chloroplasts [31].
A. thaliana PRORP1 is an essential gene and the puriﬁed recombinant
protein removes extensions from plant mitochondrial or chloroplast
tRNA precursors. In addition, it cleaves at tRNA-like structures (‘t-ele-
ments’) found in the untranslated regions of some mitochondrial
mRNAs, at a site consistent with the in vivo mapped mRNA 3′ ends
[31]. A. thaliana PRORP1 cleaves the precursor of mitochondrial tRNAHis
preferentially, but unlike E. coli RNase P not exclusively, one nucleotide
upstreamof the canonical position to include an extra 5′G residue char-
acteristic of tRNAsHis [112]. The structure of A. thaliana PRORP1 is simi-
lar to human MRPP3/PRORP and has been described above
(Section 2.3.1). The A. thaliana genome encodes two additional PRORP
homologs that localize to the nucleus [31]. It appears as if plants have
generally abandoned RNA-based RNase P and make use of the protein-
aceous enzyme type in all their tRNA processing compartments (see
also Section 2.1). Whereas land plant genomes encode three PRORP
genes, algae seem to have only one. However, it is not unlikely that
this protein acts as an RNase P in multiple compartments.
2.5. Mitochondrial RNase P in protists
Not much is known about mtRNase P in the evolutionary highly
diverse “group” of protists. Genome information is still scarce and a
biochemical study has only been carried out in Trypanosoma brucei
[113]. Of the currently available mitochondrial genomes only those
of the jakobids, like Reclinomonas americana, encode an RNase P
RNA [108,114]. Notably, mtDNA of R. americana is regarded the
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mitochondrial genome. Consistently, its mtRNase P RNA resembles
α-proteobacterial RNase P RNAs [114]. Nonetheless, jakobid mtRNase
P RNAs are apparently not active without their as yet unknown pro-
tein component(s) [108].
Two PRORP homologs have been found in the genomes of kineto-
plastids [30,31]. In T. brucei, one of them localizes to the nucleus and
one to the mitochondrion, and the recombinant proteins have RNase
P activity on their own in vitro (unpublished results). A previous bio-
chemical characterization of T. brucei mtRNase P also suggested that
the enzyme lacks an RNA moiety [113]. The presence of RNase P in
kinetoplastid mitochondria is indeed surprising, taking into account
that their mitochondrial genome does not encode any tRNAs. Instead,
nuclear-encoded tRNAs are imported into the mitochondrion from
the cytosol [115,116]. Although in vitro import experiments sug-
gested that T. brucei tRNAs are imported as precursors [117], tRNA
import in vivo is independent of ﬂanking sequences [116,118], sug-
gesting that essentially only mature tRNAs are imported into the or-
ganelle. Thus, the natural substrates of T. brucei mtRNase P remain
to be identiﬁed and kinetoplastid mtRNase P might be the ﬁrst exam-
ple of an RNase P activity not involved in tRNA processing in vivo.
3. tRNA 3′-end processing — RNase Z
While 5′ end processing of tRNAs is strictly endonucleolytic, 3′-
end processing is more variable, and endonucleolytic, exonucleolytic,
as well as combined pathways, involving both types of enzymes, are
found in the different genetic systems [2,3,119,120]. In mitochondria,
however, tRNA 3′-end processing seems to generally rely on an endo-
nuclease, and the widespread use of polycistronic transcription, and
in particular tRNA punctuation, where 3′ trailers are functional RNA
species themselves, appears to preclude any exonucleolytic mecha-
nisms of 3′-end maturation.
In contrast to RNase P enzymes, tRNA 3′-end processing endonu-
cleases all seem to be related, belonging to the same family [for re-
view see refs. [2,3,120–124]]. The functional role of this gene family
was identiﬁed in 2002 and the enzyme named RNase Z (now also
called tRNase Z; EC 3.1.26.11) [125]. The RNase Z family (also called
‘ElaC’ family according to the gene (elaC) encoding E. coli RNase Z) be-
longs to the β-lactamase superfamily, a group of related metallo-
hydrolases with a characteristic fold of two parallel β-sheets ﬂanked
by α-helices (α–β/β–α) and the active site metal ion-coordinating
motif HXHXDH [126]; in RNases Z as well as in most other members
of the superfamily this metal ion is zinc. In addition to these common
structural features a protruding ﬂexible arm, the so-called ‘exosite’,
characterizes the RNase Z family [3,122–124]. It is involved in the
binding of the tRNA precursor substrate. There are two forms of
RNase Z, one of 280 to 360 amino acids (RNase ZS) found in archaea
and many, but not all, bacteria and eukarya, and another one more
than twice this length (750–930 amino acids; RNase ZL), exclusively
found in eukarya. The crystal structure of three bacterial RNases ZS
was elucidated [127–129]. They are all homodimers of head-to-head
arranged subunits. The dimer binds two tRNAs; the individual
tRNAs seem like clamped between the ‘exosite’ of one subunit and
an α-helix of the other [130], resembling “a ski boot in its bindings”
[122]. Consistently, there is evidence for cooperativity in the action
of RNase ZS enzymes [122]. Each enzyme subunit faces the stacked
helices of the acceptor stem and the TΨC domain, whereas other ele-
ments of tRNA structure appear largely dispensable for substrate rec-
ognition [131,132]. For a more detailed discussion of RNase ZS
structure and its implications for substrate recognition and cleavage
I would like to refer the reader to more speciﬁc reviews [3,122–124].
The primary structure of RNase ZL suggests that it evolved from
RNase ZS by duplication. The C-terminal half has retained a higher se-
quence similarity to the short forms and contains the presumed Zn-
coordinating active site. In the N-terminal half the HXHXDH motif ishighly degenerated, but this half contains the ‘exosite’ that was lost
from the C-terminal part. No crystal structure of an RNase ZL is cur-
rently available. While all eukarya appear to have at least one RNase
ZL gene, some also have an RNase ZS gene, or even two genes for
one or both RNase Z isoforms [for review see refs. 3,121–124].
All mitochondrial RNase Z (mtRNase Z) enzymes identiﬁed so far
are of the long form and in many cases the enzyme is derived from
the same gene as nuclear RNase Z [14,133–138]. This may not seem
surprising given that many Eukarya have only one gene encoding
RNase ZL, but even in the presence of an additional RNase ZS, like
e.g., in humans, still RNase ZL is shared between the nucleus and mi-
tochondria, while RNase ZS is found in the cytosol and apparently not
involved in the processing of primary tRNA transcripts [14]. Just in
cases where there are two RNase ZL isoforms the dual targeting to nu-
clei and mitochondria seems dispensable. For example, four RNase Z
isoenzymes are found in A. thaliana, two RNases ZL and two RNases
ZS [135]. Interestingly, one RNase ZL is shared between the nucleus
and mitochondria, whereas the other RNase ZL is conﬁned to mito-
chondria. The two RNases ZS are found in the cytosol and in chloro-
plasts, respectively. In Schizosaccharomyces pombe, which has two
RNase ZL genes, one RNase ZL isoform is found in the nucleus and
the other one in mitochondria [138].
We have recently studied the mechanism underlying the dual nu-
clear/mitochondrial localization of human RNase ZL [14]. The ﬁrst
AUG of mammalian RNases ZL is consistently found in a poor context
for initiation and is apparently frequently passed by scanning ribo-
somes. The second AUG more closely conforms to a consensus initia-
tion site and appears to be used preferentially. This downstream
initiation results in the loss of most of the mitochondrial targeting
signal, whereby the protein translated from the second AUG is no lon-
ger imported into the mitochondrial matrix, but routed to the nucleus
via a nuclear localization signal. The dual targeting mechanism of
RNase Z in other organisms has not been studied.
Functional studies of mitochondrial RNase Z have been carried out
in human cells [133], Drosophila cells [134], A. thaliana [135], S. pombe
[138], and to a limited extent in S. cerevisiae [137] (in vitro studies of
processing activities from crude mitochondrial extracts before the
identiﬁcation of the RNase Z family are not included in this list).
Recombinant human RNase ZL cleaves different mitochondrial
tRNA precursors in vitro (unpublished results). In HeLa cells, silencing
of ELAC2, the gene encoding human RNase ZL, by RNAi resulted in the
accumulation of various 3′-unprocessed mitochondrial tRNA precur-
sors [133]. Other processing sites, tRNA 5′ ends, tRNA antisense tran-
scripts, or non-tRNA-abutted mRNA ends, were not effected by the
RNase ZL knock-down. Nuclear-encoded, cytosolic tRNAs were not
studied. In Drosophila S2 cells silencing of JhI-1 encoding RNase Z
caused the accumulation of mitochondrial and nuclear tRNA precur-
sors [134]. Consistently, the recombinant Drosophila enzyme cata-
lyzed the 3′-end processing of tRNA precursors from both
compartments in vitro [134]. All four RNases Z of A. thaliana have
tRNA processing activity in vitro, and similar to mtRNase P, the two
RNases ZL cleave ‘t-elements’ found in mitochondrial mRNA precur-
sors [135]. Mutants of AthTrZL1 and AthTrZL2, encoding the two long,
mitochondrial isoforms, are both viable, indicating that they function-
ally substitute for each other in mitochondrial tRNA 3′ end matura-
tion [135]. The double mutant, however, seems to be lethal [135].
Taking into account that inactivation of AthTrZL1, encoding the only
RNase Z isoform present in the nucleus, is not lethal, it appears that
nuclear, in contrast to mitochondrial RNase Z is dispensable, most
likely due to an exonucleolytic nuclear (backup) pathway similar to
the one characterized in yeast [120]. In the ﬁssion yeast S. pombe
the two genes encoding RNases ZL, sptrz1 and sptrz2, are both essen-
tial [139], but only the overexpression of the mitochondrial SpTrz2p
resulted in as yet uncharacterized phenotypical abnormalities [138].
They both were shown to have RNase Z activity in vitro [138]. S. cer-
evisiae TRZ1 is an essential gene and decreasing its gene expression or
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tite phenotype), consistent with an essential role in mitochondrial
tRNA biogenesis [137], although mitochondrial tRNAs or their precur-
sors were not analyzed in these mutant strains.
The expression of human (mitochondrial) RNase ZL appears to be
regulated in a peculiar way. In human cells lacking mitochondrial
DNA (ρ0 cells) its mRNA was found down-regulated [102] and its ac-
tivity, in contrast to that of mtRNase P, which was unchanged, strong-
ly reduced in mitochondrial extracts [81]. The reasons for this
apparent “adaption” in gene expression are not known.
4. Is there an “alphabetical” order in tRNA processing?
Does cleavage by mtRNase P generally precede that of mtRNase Z?
Most in vitro processing studies and also some genetic data appear to
favor such a scenario. In humanmitochondrial extracts prepared from
different types of cultured cells, cleavage by mtRNase P seems to gen-
erally occur ﬁrst. The processing intermediates are 5′-matured tRNAs
with 3′ extensions, and no 5′-extended, 3′-cleaved tRNAs were ob-
served; this result was conﬁrmed for a variety of mitochondrial
tRNAs [30,81,86,87,89,140]. Consistently, knock-down of the MRPP1
subunit of human mtRNase P in HeLa cells inhibited both, 5′- and
3′-end maturation, whereas silencing of ELAC2, the gene encoding
mtRNase Z, blocked 3′-end processing only [133]. Yet, based on the
analysis of processing intermediates, it was also suggested that the
order of processing would differ depending on the tissue: whereas a
3′-extended processing intermediate of mitochondrial tRNALeu(UUR)
was reported for skeletal muscle, a 5′-extended intermediate of the
same tRNA was observed in ﬁbroblasts [141]. However, this apparent
tissue speciﬁcity of the mitochondrial tRNA maturation pathway
needs to be reproduced and should possibly be extended to other
tRNAs and tissues to allow conclusions.
Silencing of RNase Z also provided direct evidence that 5′-end pro-
cessing precedes 3′-end cleavage in Drosophila cell mitochondria
[134]. No 5′-extended, 3′-processed tRNAs were detected in controls
and mtRNase P continued to efﬁciently cleave tRNA precursors when
3′ end processing was impaired. In vitro studies in wheat mitochon-
drial extracts, in contrast, seemed to indicated that cleavages at the
two tRNA ends are not ordered, as both possible forms of intermedi-
ates were reported [109]. Yet, processing apparently proceeded 5′ to
3′ in Oenotheramitochondrial extracts [110], and studies with partial-
ly puriﬁed potato RNase Z clearly indicated that 5′-end maturation
has to occur ﬁrst to allow 3′-end cleavage [142].
Mixed results were obtained for yeast mitochondrial tRNA proces-
sing. The 3′-end processing of yeast mitochondrial tRNAGlu was ob-
served to depend on prior 5′ maturation in vitro [143], but a 5′-
extended, 3′-processed tRNAfMet accumulated in deletion mutants
of the mtRNase P RNA locus [61].
In summary, the order of processing seems to be ﬂexible in some
systems, and, depending on (i) the given tRNA precursor, (ii) the
cell type, or (iii) possibly the relative abundance of RNase P versus
RNase Z, one or the other pathway may predominate. In other sys-
tems 5′- before 3′-end processing clearly seems to be the favored,
though possibly still not exclusive pathway.
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